Flame spread and counterflow diffusion flame experiments are widely conducted to investigate the combustibility of solid fuels. Although the use of the gas phase Damköhler number to organize the flame spread rate or regression rate of a solid fuel is effective under constant pressure, some research point out the possibility that the combustion pressure may be an independent factor in determining the regression rate. This research employs a counterflow diffusion flame to investigate the effects of combustion pressure on regression rate, and clarifies the deviation of results using the classical Damköhler number under varying pressures. First, a numerical flow analysis was conducted to determine the oxidizer velocity gradient near the fuel surface, which is an essential factor in evaluating the non-dimensional regression rate. Next, using an enclosed combustion chamber with independently variable oxidizer flux and pressure, experiments with a quasi two-dimensional flame were conducted with polyethylene solid fuel and nitrogen diluted oxygen oxidizer, and the regression rate was measured for two experiment series, constant pressure, and constant oxidizer flux. By comparing the two series, the effect of pressure on non-dimensionalized regression rate is clarified. The results suggest that contrary to the theoretical reaction rate of the gas phase, the non-dimensional regression rate increases when the combustion pressure is decreased, even in the thermal regime. This suggests that the classic method of organizing the regression rate with Damköhler number in thermal regime could not be implemented with varying pressure conditions, possibly due to the change in diffusion rates involved with varying pressures.
1. Introduction
Previous studies with solid fuel combustion
Recent developments in hybrid rocket technology has encouraged researchers to investigate solid combustion under unconventional conditions, in particular, combustion under high oxidizer concentration and varying combustion pressures (Kaneko, 2009 ). Numerous studies have been conducted in the past which deals with flame spread or counterflow diffusion flame, stating that the parameter affecting the regression rate of solid fuel can be non-dimensionalized with the use of the gas phase Damköhler number (Holve and Sawyer, 1975) , , , (Krishnamurthy, 1975) , (Matsui, et al., 1975) , (Matsui and Tsuji, 1976) , (Pello, et al., 1981) , (Tsuji, 1982) , (Wichman, et al., 1982) . In these studies, the physical parameters included within the gas phase Damköhler number are assumed to express the effects imposed on the regression rate. Past studies with flame spread by Pello (Pello, et al., 1981) and Wichman (Wichman, et al., 1982) has revealed the heat transfer mechanism within a solid fuel tube flame spread under various conditions, forming a basis for flame spread theory in which the non-dimensional flame spread rate can be determined from physical properties obtained through experiments and oxidizer inlet conditions. In comparison, research with solid Effect of combustion pressure on regression rate of solid fuel under an impinging oxidizer jet counterflow diffusion flame fuel -impinging oxidizer jet opposed flow diffusion flame, or the so called counterflow diffusion flame, has investigated the effects of oxidizer nitrogen dilution and oxidizer flux (Tsuji and Matsui, 1976) . Earlier experiments conducted by Tsuji (Tsuji, 1982) and Holve (Holve and Sawyer, 1975) have confirmed the effects of forced oxidizer flow on the regression rate of a PMMA solid fuel, while Krishnamurthy (Krishnamurthy, 1975) has investigated in detail the mechanics behind flame extinction in the stagnation point of a counterflow flame. These studies propose a method to predict the regression rate of the fuel surface using a given oxidizer flow condition. In both flame spread and counterflow flame, the non-dimensionalization is carried out with heat and mass transfer in mind so that the non-dimensional regression rate will remain constant with respect to Damköhler number in the thermal regime, and decrease according to Damköhler number in chemical regime. Thus, assuming that these theories are valid under any arbitrary experiment condition, the non-dimensional regression rate should always retain a constant value with any Damköhler number in the thermal regime , and decrease with decreasing Damköhler number in the chemical regime.
Effects of combustion pressure on regression rate
Although most of the studies introduced in 1.1 have dealt with experiments under constant pressure, the effect of pressure has not yet been throughly investigated. Previous studies using PMMA slabs by Krishnamurthy suggest that the combustion pressure has no discernible effect on regression rate. However, Krishnamurthy has stated that this may be caused by cancelling of effects amongst factors influencing regression rate. As a matter of fact, in their studies which experimented with the effect of mass flow rates on regression rate, they did not make clear distinctions between atmospheric pressure experiment series and low pressure series, neglecting any differences in trends between the two, treating them as simply being variations.
When the Reynolds number is kept constant, it can be surmised that lowering the pressure will reduce the fuel regression rate. However, experiments by Nagata (Nagata and Ito, 2009 ) which have actually measured the regression rate of the fuel at differing pressures provide conflicting results. In their studies, combustion pressure was varied with a constant oxidizer flow rate, i.e., with a constant Reynolds number. The results clearly show a tendency that a higher chamber pressure caused a decrease in regression rate. This means that even at equal Reynolds numbers, a faster oxidizer velocity (lower pressure) causes faster regression of the fuel surface. Experiments by Hashimoto (Hashimoto, et al., 2006) and Matsuoka (Matsuoka, et al., 2012) with flame spread using varying combustion pressure give some clues to the phenomenon, in which the position of the flame tip is affected by combustion pressure. In their experiments, the critical blowoff Damköhler number was obtained for different combustion pressures and fuel scales, with the results seeming to show no sign of any dependence on combustion pressure. However in their studies, the purpose of the research was to investigate the propagation of the flame front and determine the flame blowoff conditions and transition to "stabilized combustion mode", so no measurements were made concerning the gasification rate of the fuel itself. Especially in the "stabilized combustion" regime (the blowoff regime), the flame spread rate decreases to an extent that the gasification rate of the fuel in the radial direction is much larger than the flame spread rate, rendering the flame spread rate meaningless in comparing with regression rate used in counterflow configurations.
When changing the combustion pressure, it is typical that the oxidizer flux would also be changed due to a change in oxidizer density. To maintain a constant oxidizer flux (a constant Reynolds number) while changing the combustion pressure, the flow velocity must be varied. From ideal gas law p = ρRT a , the oxidizer velocity will be inversely proportional to the ambient pressure as shown in Eq.(1).
where The use of the ideal gas equation is valid for calculating oxidizer inlet conditions, where no chemical reactions take place and the temperature can be assumed to be constantly around room temperature T a . Maintaining a constant Reynolds number is critical when changing the combustion pressure because the effects of convection would cause deviations in the experiments results if the mass flux were to be varied.
Research objectives
From the results of Nagata's experiments (Nagata and Ito, 2009) , it can be surmised that when the combustion pressure is decreased, the regression rate will increase. Such phenomenon cannot be explained by the chemical reaction rate in the gas phase, because chemical reaction rates usually decrease when the combustion pressure is lowered (Williams, 1994) . These past studies point out to a possibility that the classic definition of the gas phase Damköhler number may be insufficient to express the parameters affecting the regression rate under varying pressures. However, the transition between thermal regime and blowoff regime in a flame spread is often unclear, due to the two-dimensional structure of the flame, and the effects of pressure on the regression rate in the thermal regime has yet to be clarified. With a two-dimensional counterflow configuration, only the center of the fuel is concerned, and a one-dimensional approach is possible. From this, the one-dimensional heat transfer approximations are more suited to be implemented in a counterflow diffusion flame than a flame spread. The use of a counterflow diffusion flame is also effective when researching the blowoff regime, because combustion downstream of the stagnation region will continue even when local blowoff occurs at the stagnation point. Also, the transition between thermal regime and blowoff can be easily defined as the point where no flame can be visually confirmed to exist in the center of the fuel. This allows an accurate derivation of the trendline in thermal regime. The study by Krishnamurthy (Krishnamurthy, 1975) shows an effective method to investigate flame extinction at the stagnation point of PMMA and oxidizer. Recent studies such as experiments by Han (Han, et al., 2005) provide incredibly high resolution images. Due to this background, the authors have used a counterflow diffusion flame created with a solid fuel -impinging oxidizer jet configuration. In this study, two experiment series were conducted, the first (series 1) at constant pressure and varying oxidizer flux and the second (series 2) with varying pressure and constant oxidizer flux. The results were organaized by using the gas phase Damköhler number of second order and nondimensional regression rate, and trends were obtained for thermal regime, clarifying the effect of pressure on regression rate. Combustion experiments were conducted using high density polyethylene (HDPE) solid fuel and nitrogen diluted oxygen oxidizer. Fuel samples were combusted within an enclosed combustion chamber. Figure 1 shows the apparatus layout. The combustion chamber was connected to a large volume exhaust gas reservoir tank to maintain a constant pressure throughout the duration of combustion. The combustion pressure was preset by filling the reservior catch tank with nitrogen gas, and by depressurizing the tank with a vacuum pump. Oxidizer was supplied from an oxygen tank and the flow rate regulated using a mass-flow controller. To allow combustion initiation in the blowoff regime, the flow rate was set to gradually increase from zero before reaching the specified flow rate, in order to prevent blowoff upon oxidizer injection. The oxidizer composition used in the experiments was 100% oxygen or 50% oxygen + 50% nitrogen diluted gas. Combustion was initiated by a Kanthal heat wire placed on the fuel surface. The flame was observed using a Canon iVIS HF G10 video camera with Kenko MC No.3 close up lens and Asahi bunko MZ0430 430 nm band pass filter with 10 nm FWHM. This configuration was choosed to capture the luminous intensity of CH radical (Gaydon and Wolfhard, 1979) . The filtered images were filmed with a consistent setting of aperture stop F2.8 and frame rate 30 fps. Such values were necessary to capture the flame at very low oxidizer flux where the luminousity was minimal. Measurements of pressure and temperature were logged at key positions, labelled P1 to P3 and T1 to T3 respectively. For combustion termination, a nitrogen gas tank feeds 100% nitrogen extinguishing gas through the oxidizer nozzle. Figure 2 shows a cutaway diagram of the combustion chamber. A rectangular parallelepiped HDPE fuel sample was placed on a stainless steel base and held in place by sandwiching the sides with heat resistant VYCOL glass windows. Oxidizer was fed from a slit nozzle positioned above the fuel surface. The flat oxidizer flow creates a quasi-two-dimensional flame, which is uniform in the y direction of the figure. For comparison, a conventional tubular nozzle was also used. The properties of the fuel sample are listed in Table 1 , and the geometry of the fuel and combustion chamber are listed in Table 2 . Values were derived from calculation using values included in the CEA library. The density for the PE fuel was determined by weighing the fuel samples with a digital weight gauge. After combustion, the fuel surface profile was measured using a laser depth gauge. The combustion duration was determined by flame imagery and oxidizer supply pressure P3, which becomes equal to the combustion pressure when the oxidizer supply valve is opened. The fuel regression rate was derived by dividing the obtained surface regression depth with combustion duration. [kJ/mol] 79.06 (Floyd, 2007) 
Nomenclature
0.48 (Gordon, 1994 ) boiling temperature, T s [K] 470 (Gordon, 1994 ) combustion initiation temperature, T z [K] 723 (Gordon, 1994) [kJ/kg] 2589 (Gordon, 1994) To validate the effects of combustion pressure on fuel regression rate, two experiment series were conducted. The first series (series 1) was a constant pressure (101 kPa) varying flux, varying flow velocity series, in where both Reynolds number and Damköhler number varied amongst each individual experiment. The second series (series 2) was a constant flux varying pressure, varying flow velocity series. In the second series, the Reynolds number was kept constant, and only the Damköhler number was varied to eliminate the effects of flux as explained in Eq.(1). From this relation, it can be seen that the execution of the series 1 experiments is critical in studying the effects of varying oxidizer velocity, which would The flux and pressure for series 2 is 0.0478 g/s and 202 to 40.5 kPa respectively. By non-dimensionalization, it should be possible to verify any changes in the regression rate between the two series, which would express the direct effect of combustion pressure.
Organization method of results
The results were organized by non-dimensionalization as follows. For a flame spread within a tubular channel, the parameter describing the ratio of characteristic fluid time or "characteristic transport time" τ trans and characteristic chemical reaction time τ chem , often referred to as the Damköhler number, was dervied by Wichman (Wichman, et al., 1982) and shown in Eq.(7). In Eq.(7), the characteristic chemical reaction time is defined as Eq.(6). The characteristic transport time for the stagnation region of a counterflow was derived by Matsui (Tsuji and Matsui, 1976) and is shown in Eq.(4). This is a general expression used for stagnation region in an counterflow, derived from fluid dynamics and is referred to as the "characteristic velocity" by Matsui, and "characteristic aerodynamic time" by Tsuji (Tsuji, 1982) . A popular way to define the characteristic convection time is by using the ratio of characteristic distance and velocity (τ = H/U), however Matsui used a parameter concerning diffusion instead of simply using the velocity (Matsui, et al., 1975) . Matsui explained this definition by the fact that the combustion rate is determined by the diffusion across the boundary layer. Since our experiment used a counterflow diffusion flame, it is appropriate to consider the characteristic transport time for a counterflow stagnation region implemented by Matsui, and this was defined using the diffusion time as shown in Eq.(4). From Eq.(6) and Eq.(4), the gas phase Damköhler number is derived as Eq.(8). The mass transfer number B encountered in the equations is Spalding's B number (Spalding, 1953) , (Spalding, 1961) and given in the form of Eq.(5). The gasified fuel flow velocity U f uel is obtained from the ratio between solid fuel density ρ m and gas phase fuel density ρ f uel , and the regression rate U m , shown in Eq.(2). Refer to the nomenclature for a description of the symbols used in Eq.(2) through Eq.(8).
Da
In the equations above, one factor a greatly influences the calculated Damköhler number. This is called the z-axis "velocity gradient" of the oxidizer, and is expressed by the ratio of velocity change per unit length. There are two ways to define the velocity gradient. The first is the actual velocity gradient a r = dw/dz which can only be obtained through actual measurements or detailed CFD analysis. The second is the substituted velocity gradient which is merely the oxidizer inlet velocity divided by the distance between the nozzle and fuel surface. The actual z axis oxidizer velocity gradient a r in the equations is proportional to the substituted velocity gradient a although it takes a completely different value. This will be explained later in 2.3. The ambient temperature T a in Eq.(5) was obtained for each individual experiment by measuring the ambient temperature with a N type thermocouple, expressed as T1 in Fig.1 . The combustion initiation temperature T z was assumed to take a constant value of 723 K (450
• C), as the mean thermal decomposition initiation temperature of high density polyethylene. Typical values for polyethylene are upwards of 779 K (Beyler and Hirschler, 1995) , and since the heating rate is extremely quick in that the gasification process can be treated as sublimation, no liquid state of the fuel needs to be discussed. The adiabatic flame temperature in Eq.(8) was obtained for each individual experiment by chemical equilibrium calculation with NASA-CEA (Gordon and Mcbride, 1994) . The Schmidt number (Sc = Le · Pr) was assumed to be constant for each series. The Prandl number ranges between 0.64 to 0.68 depending on the condition. The initial Schmidt number is determined from gas properties at 101 kPa. For example, in the case of 101 kPa, 273 K, 100% oxygen, the properties are µ = 1.92 × 10 −5 Pa · s, ρ = 1.42 kg/m 3 , D o = 1.73 × 10 −5 m 2 /s, thus the Schmidt number will be Sc = 0.78. The non-dimensionalization of regression rate follows the method employed by Matsui and Tsuji. Matsui used the characteristic transport time τ trans and gasified fuel velocity U f uel to organize the results, while Tsuji used the Reynolds number to substitute the velocity gradient a in τ trans . In Eq.(4), the characteristic fluid time is defined by both the oxidizer velocity and kinematic viscosity, expressing the "charateristic transport time" through diffusion rather than convection, as done by Matsui (Matsui, et al., 1975) . Assuming that the fuel and nozzle geometry are congruent ( (17) is equivalent in meaning as the Reynolds number, confirming that the meaning of characteristic transport time is indeed a standardized method of expressing velocity. By replacing the nozzle -fuel distance H with nozzle width d, and assuming a consistent oxidizer oxygen concentration, the characteristic transport time Eq.(4) used by Matsui can be transformed to match the equation used by Tsuji (Tsuji, 1982) (referred to as the fuel-ejection rate) where the oxidizer inlet velocity is expressed by Reynolds number. Since the oxidizer is a homogeneous mixture of pure oxygen and pure nitrogen, the mass transport of oxygen molecules can expressed by simply multiplying the total transportation rate with the oxygen mass fraction Y o . By employing this factor in Matsui's equations (Tsuji and Matsui, 1976) , the non-dimensional regression rate f w is derived as Eq.(16).
Derivation of velocity gradient
In order to use Eq.(8) and Eq.(16), the value of a must be derived from known parameters. However, the actual value of z axis oxidizer velocity gradient a r is controversial. The value of a r is difficult to obtain with such a small scale experiment device and so, to substitute the actual value, the ratio between initial oxidizer velocity U o and fuel-nozzle distance H was used instead. A past study using hotwire anemometer by Matsui (Matsui, et al., 1975) has revealed that, the velocity gradient a r in the vicinity of the fuel surface stagnation is proportional to the oxidizer initial inlet velocity U o when the initial value of H is constant. Prior to experiments in this study, fluid numerical analysis without chemical reactions using the commercial software Dassault Solidworks Flow Simulation was conducted to confirm this fact. The steady-state two-dimensional compressible flow analysis was conducted without taking into account chemical reactions, radiation heat transfer or progressive surfrace regression. The time averaged compressible Navier Stokes equations were solved by upwind differencing scheme until a steady state was reached. This is the basic calculation mode for the commercial code. Although the code calculates turbulent flows by k-ϵ model, in the series 2 experiments all cases were performed at laminar flow, so the Reynolds stress tensor, turbulent eddy viscosity, turbulent kinetic energy and turbulent dissipation were all assumed to be zero. The conservation laws for mass, momentum, energy and chemical species for a laminar flow in the Cartesian coordinate system are shown in Eq.(9) through Eq.(12). The heat transfer through the fluid is expressed by Eq.(15). Kronecker delta function, Pr: Prandtl number The gas properties were calculated as follows. The density ρ was calculated by ideal gas model. The viscosity µ, specific heat c p and thermal conductivity λ were referenced by a predetermined database included in the software, which were calculated by Sutherland's formula and Shomate equations. Since no combustion model was included in the analysis, there is no heat generation within the fluid mesh. All incoming and outgoing heat were provided by the flow enthalpy transportation and wall heat transfer. Figure 3 shows the boundary conditions used in the calculation. The combustion chamber was modelled as a two-dimensional fluid mesh with constant temperature no-slip solid walls with heat transfer, consisting of a inlet nozzle, chamber and outlet which are symmetric about the z axis. The oxidizer flow was resembled by a constant forced mass flux of homogeneous oxygen and nitrogen mixture at ambient temperature, passing through the inlet slit nozzle, where it becomes a fully developed laminar flow before entering the combustion chamber. The outlet was provided by a constant pressure boundary. The gasification of the fuel was depicted by a ethylene velocity U f uel originating from the solid fuel surface in the direction opposite of the oxidizer flow, at a constant temperature of T z . The value of U f uel is obtained through the series 1 experiments. The fuel sample was assumed to be a solid at a constant temperature of T s , with no regression of the fuel surface. The temperature of the stainless steel chamber walls were defined to be equal to the ambient temperature T a . The two-dimensional fluid mesh in the combustion compartment measures 200 grids in the z direction and 704 grids in the x direction. The mesh was refined near the nozzle using the provided preprocessor, to give 48 grids in the x direction inside the nozzle. The time step ∆t was 10 −7 s, giving a Courant number of 0.36 at the maximum velocity of 108 m/s. Figure 4 shows the result of numerical analysis. The x axis is the chamber z axis position, with z = 0 mm at the fuel surface and z = 4 mm at the oxidizer nozzle inlet. The y axis is the non-dimensionalized oxidizer z axis velocity, which is the oxidizer z axis velocity w divided by oxidizer volume flow rate, for comparison with different oxidizer densities. The red, blue and green plots each represent the oxidizer z axis velocity profile at 25.3 kPa, 101 kPa, and 404 kPa respectively. The straight trendline shows the velocity gradient in the vicinity of the fuel surface, drawn from plots within a convergence radii R 2 < 0.99 and intercept at the position of the z axis stagnation point. From Fig.4 , with sufficient inlet velocity, it can be seen that the stagnation point is almost indistinguishable from the fuel surface in terms of z axis velocity, because the oxidizer velocity is far greater than the fuel gas flow velocity. It can also be seen that the non-dimensional oxidizer velocity distributions take nearly equal values despite the minor changes in gas properties caused by changing pressure. A comparison of the non-dimensionalized initial inlet velocity and the trendline showing the velocity gradient in the vicinity of the fuel surface shows that the gradient is always consistent with the initial velocity. Thus, the trendline can be considered proportional to the initial inlet velocity and a r can be represented by a function of inlet velocity U o . Using the results of numerical analysis, the experiments were conducted so that the oxidizer inlet conditions would allow the flow to be within these conditions, where the initial value of H can be used to accurately determine the velocity gradient a. Therefore, the substituted velocity gradient a can be defined by Eq. (17). Fig.6 , a flat counterflow diffusion flame is formed near the stagnation point. In Fig.7 , blowoff is observed, and it can be seen that there is no evident flame beneath the nozzle. Further downstream, the flame is maintained not as a counterflow diffusion flame, but instead a flame spread along the flat fuel surface, propagating towards the nozzle center in a "stabilized combustion mode" (Hashimoto, et al., 2006) . The filtered images can clearly distinguish between luminous flame seen with visible light and blue flame where the majority of the reaction occurs. Figures 8 and 9 each show fuel surface profiles after combustion, in thermal regime and blowoff regime respectively. From theses images, blowoff can be easily distinguished by the disappearance of the flame directly beneath the nozzle, and leftover fuel from the combusted fuel samples. 
Experiment results
Figures 10 and 11 each show experiment results for series 1 and series 2 respectively. The horizontal axis is gas phase Damköhler number Dd, and the vertical axis the non-dimensional regression rate f w , with equal logarithmic scales used for both figures. For the series 1 experiments, the blue circles show a 100% oxygen case and red triangles show a 50% nitrogen diluted oxygen case. For the series 2 experiments, the purple triangles are for a conventional tubular quasi one-dimensional nozzle, while the green circles are for the slit nozzle mentioned in section 2.1. The trendlines were drawn using data from the thermal regime and chemical regime, omitting any data from blowoff regime. In series 1, it can be seen that the non-dimensional regression rate remains constant at high Damköhler numbers, in the thermal regime and does not show any sign of increase before blowoff. The trendline shows that the non-dimensional regression rate decreases slightly according to a decrease in Damköhler number, possibly because of a transition to chemical regime prior to blowoff. This trend is common among similar experiments with flame spread (Matsuoka, et al., 2012) , (Pello, et al., 1981) , (Wichman, et al., 1982) , (Matsui, et al., 1975) and verifies the validity of the use of Damköhler number in this specific series. In series 2, the non-dimensional regression rate continues to increase when the Damköhler number is decreased, until finally blowoff is encountered. The trend can be observed throughout the thermal regime, right up to the point of blowoff, with no indication of a decrease in regression rate before transition. For better viewing, the same plots for series 2 are reorganized in Fig. 12 nozzle respectively. Despite the dispersion of the plots, it can be seen that a decrease in Damköhler number, or a decrease in pressure causes the non-dimensional regression rate to increase. The trends from the results show a qualitative match with the experiments conducted by Nagata (Nagata and Ito, 2009) , in which the regression rate increased as the pressure was decreased. This suggests that the parameters included in the Damköhler number cannot fully represent the parameters affecting the regression rate when the pressure is varied. One method to organize these results is with the use of a surface Damköhler number Ds, defined in Eq.(18) which was implemented by Tsuji and Matsui (Matsui and Tsuji, 1976) , (Matsui, 1975) . In Eq.(18) the basic parameters A, a, ν, E, T all correspond with the parameters used in gas phase Damköhler number in Eq. (8), however, the subscripts have been replaced from d to s to show values for surface Damköhler number. Although this substitution is possible, from Eq.(16), it can be seen that introducing a surface Damköhler number will not resolve this trend. Another trend worth noting is that the blowoff limits for the differing pressure case is lower than that of the constant pressure case. This points out the fact that the flame is more sustainable under conditions which the chemical reaction is less active when the pressure is lowered.
Visualization of luminous thickness
To investigate the changes in flame intensity with varying pressures, a visualized flame luminousity obtained from video images were compared with theoretical reaction zone thickness. In general, the flame zone is composed of the reaction zone and pre-heated zone (Williams, 1994) , (Takeno and Bray, 2008) which both emit light at varying peak wavelengths according to the dominant emission source (Gaydon and Wolfhard, 1979) . With the filtered images, it is impossible to distinguish the 430 nm filtered light as emissions from CH radicals and background emissions. The filter also has a width of permeability, so it is inappropriate to consider the luminousity of the image as any representation of the flame zone or reaction zone (Gaydon and Wolfhard, 1979) . When making qualitative comaprisons though, the luminous area in the images can be used as a measure of the luminous intensity emitted from the reaction, convinient for providing a measure of the amount of light reaching the camera lens. This will defined as the "luminous zone". Figure 14 shows close up grayscaled images of the flame filmed at different combustion pressures, 4 seconds after ignition. Beginning from the top image, the combustion pressures were 101 kPa, 81.0 kPa, 60.8 kPa, 50.7 kPa, and 40.5 kPa. The red rectangular box shows the location of the solid fuel sample before combustion initiation. The "luminous zone" can be identified as the white area in the image. The luminous zone thickness is derived by measuring the thickness of the zone where the luminosity exceeds a certain value. In this case, this was set as to where luminous saturation occured. The results are shown in Fig.15 . In the figure, the x axis is combustion pressure, the right side y axis is the theoretical reaction zone thickness and left side y axis the measured luminous zone thickness. The theoretical reaction zone thickness is calculated using a simplified diffusion flame model introduced by Takeno (Takeno and Bray, 2008) and shown in Eq.(21). Although the value is off by one order, a qualitative match can be seen. 
Additional discussions
In series 2, since the Reynolds number is constant, the convective heat transfer coefficient can be regarded as constant (McAllister, et al., 2009) , (Gabour and Lienhard, 1994) . The factors which may cause a change in the fuel gasification rate are either the temperature in the vicinity of the fuel surface, or a change in the gasification enthalpy of the solid fuel (Han, et al., 2005) , (Kissinger, 1954) . This would also have an effect on activation energy E and B number, which could explain the deviation of blowoff limit between series 1 and series 2 (Kayacan and Dogan, 2008) . In McAllister's studies (McAllister, et al., 2009) , the ignition time of a PMMA fuel sample was shortened when the pressure was decreased.
McAllister proposed that a critical pyrolysis mass flux rate was the criterion for ignition, and that the effect of mixing is only affected by the inverse dependence of the mass diffusivity D o on pressure. Thus, the ignition delay time can be considered separately from the regression rate. At first glance, the heat transfer rate would seem to deteriorate when the pressure is lowered because the chemical reaction would become less intense and cause the flame temperature to decrease. However, as mentioned before, experiments by Nagata (Nagata and Ito, 2009) clearly show a completely reverse trend, which do not violate the results by McAllister, because the two parameteres, regression rate and ignition delay time have no direct relationship. The dependence of mass diffusivity can be considered as one of the prime factors causing the trend. Since the mass diffusivity D o has a inverse dependency on pressure, diffusion will increase at lower pressures. This means that the reaction zone thickness will increase. Since the Reynold number is constant, the position of the stagnation point will remain nearly stationary. Thus, the temperature distribution along the z-axis will become more broad and as a result, cause the temperature near the vicinity of the fuel surface to increase, even if the actual flame temperature is decreased due to a reduced rate of chemical reaction. From this, it can be speculated that heat transfer to the fuel surface will be increased when the pressure is lowered. Although no evidence could be obtained to prove this speculation, the flame thickness measurements give some material to support the hypothesis. More detailed experiments such as measurement of temperture profiles along the z axis may be necessary to further reveal the factors effecting fuel regression rate under varying combustion pressures, and the approach using a counterflow diffusion flame instead of a traditional flame spread may be efficient in studying this matter.
Conclusion
The effect of combustion pressure on fuel regression rate was studied using a counterflow diffusion flame. The usage of a counterflow diffusion flame proved to be a reliable method to obtain and organize regression rates using onedimensional equations, as a clear transition to blowoff could be observed and combustion could be sustained even when the flame at the stagnation point has been extinguished, in blowoff regime. With the use of a gas phase Damköhler number and two different experiment series, it was found that a decrease in combustion pressure causes an increase in the non-dimensional regression rate. Since this trend could not be observed with a constant pressure series even with similar Damköhler number ranges, it can be suggested that previously proposed theories using the gas phase Damköhler number is not sufficient to determine the effects of various parameters on the regression rate, namely the effect of combustion pressure. Through visualization, it was found that the luminous zone thickness increased with a lower pressure, however no relation could be established between regression rate. One possibility could be that the temperature in the vicinity of the fuel surface increases at lower pressure due to a increase in diffusion rate and reaction zone thickness. Further research is anticipated to investigate the mechanism behind this phenomenon.
